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Using non-resonant Fe Kβ x-ray emission spectroscopy, we reveal that the Fe moments of
Ca0.67Sr0.33Fe2As2 persist into the pressure-induced collapsed tetragonal phase, yielding a para-
magnetic normal state out of which superconductivity develops. While the persistent moment is in
contrast to that of undoped CaFe2As2, x-ray diffraction measurements implicate the c-axis lattice
parameter as the controlling criterion for the Fe moment. These results evoke a general descrip-
tion for the behavior of the alkaline-earth based 122 systems under pressure that lends support to
theories for superconductivity involving unconventional pairing mediated by magnetic fluctuations.

PACS numbers: 74.70.Xa, 75.20.Hr, 64.70.Kd, 78.70.En

Early in the research on the iron pnictide superconduc-
tors, theoretical calculations strongly suggested that con-
ventional, phonon-mediated superconductivity was in-
compatible with observed critical temperatures Tc [1–4].
Additionally, several systems have shown an empirical
correlation between Tc and the structural parameters [5–
7]. Since then, iron-based superconductors have proven a
fertile playground for understanding how structural and
magnetic degrees of freedom affect superconductivity [8–
11]. While there are no fewer than five systems sharing
similar structural building blocks, the most widely stud-
ied ferropnictide superconductors are those that crystal-
lize in the tetragonal ThCr2Si2 crystal structure. The
so-named “122” compounds have the chemical formula
AFe2X2 (where A is an alkaline-earth element, an alkali
metal, or Eu and X is a pnictogen atom), exhibit antifer-
romagnetic order at ambient pressure, and are amenable
to a variety of chemical substitutions that suppress mag-
netism and induce superconductivity[8, 9, 11–14].

With applied pressure or suitable chemical substitu-
tion, the parent 122 compounds undergo an isostructural
volume collapse that is driven by the development of
As-As bonding [15–19]. This collapsed tetragonal (CT)
phase abruptly cuts off the antiferromagnetic order and,
in most cases, supports superconductivity in the vicinity
of the truncated magnetic order. The dissenting mem-
ber of the 122 family, CaFe2As2, shows no signs of su-
perconductivity in the CT phase when subjected to hy-
drostatic compression or isovalent P substitution, which
mimics pressure through a reduction in the unit cell vol-
ume [20, 21]. This absence of superconductivity resonates
with scenario where the Fe moments in the CT phase of
CaFe2As2 are quenched [22], supporting the strong link
between the presence of magnetic fluctuations and the
occurrence of superconductivity in this family of com-
pounds [3, 4]. However, in Pr- and Nd-doped CaFe2As2,

superconductivity can be induced from a normal state
comprising non-magnetic Fe atoms [23]. These oppos-
ing behaviors with respect to the magnetic state of the
Fe atoms call question the roles of magnetic and charge
fluctuations in inducing superconductivity in the 122 sys-
tems.

In order to tune the structural and magnetic degrees
of freedom without charge doping, we have performed
high-pressure experiments on Ca0.67Sr0.33Fe2As2, which
provides larger-volume system (relative to CaFe2As2)
that permits access to a broader range of structural pa-
rameters. In this Letter, using non-resonant Fe Kβ x-
ray emission spectroscopy (XES) and x-ray diffraction
(XRD), we report the evolution of the instantaneous Fe
moments of Ca0.67Sr0.33Fe2As2 as a function of pressure
and crystal structure. We find that the Fe moments per-
sist into the CT phase, providing a magnetic normal state
out of which superconductivity develops. The presence
of Fe moments, or lack thereof, appears to be largely
controlled by structural parameters.

Single crystals of (Ca0.67Sr0.33)Fe2As2 were synthe-
sized with a flux-growth technique previously described
[24]. For the XES measurements, small single crystals
were loaded into diamond anvil cells (DAC) that em-
ployed Be gaskets (∼3 mm diameter), while, for XRD
experiments, a powder was loaded into a spring steel gas-
ket. The DAC was pressurized using a gas membrane,
and the pressure in the sample chamber was calibrated
using the shift of the ruby fluorescence line (XES data)
or the lattice parameter of Cu (XRD data). Silicone
oil (XES data) or neon (XRD data) were used as the
pressure-transmitting media.

The XES measurements were performed at beam-
line 16-IDD and the XRD measurements at 16-BMD
of the High-Pressure Collaborative Access Team (HP-
CAT) at the Advanced Photon Source. For XES, 11.3-
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FIG. 1: (color online) Room-temperature XES spectra of
(Ca0.67Sr0.33)Fe2As2 under pressure (dashed lines, closed
symbols) at 1.5 (a), 3.6 (b), and 6.6 (c) GPa as compared
the spectrum at 0.1 GPa (black line, no symbols). The dif-
ferences between the XES data at each pressure and those at
0.1 GPa are shown as the grey solid lines below the data.

and 20.0-keV, micro-focused x-ray beams (approximately
80x80 µm2) entered through one of the diamond anvils,
while the emitted Fe Kβ x-rays were collected after pass-
ing through the Be gasket. Fe Kβ spectra were ac-
quired by scanning a bent Si (333) analyzer in 0.25 eV
steps; resolution was 1 eV. XRD data were collected
in a transmission geometry using a 30 keV, 10x10 µm2

micro-focused x-ray beam and a Mar345 Image plate.
Analysis procedures for the XRD data are identical to
Ref. 18. Additionally, for the 20.0 keV incident energy
XES setup, x-ray diffraction was performed in situ to
confirm the crystal structure of the Ca0.67Sr0.33Fe2As2
specimen. Low-temperature XES and XRD measure-
ments were performed in a He-flow cryostat.

The Fe Kβ spectra are sensitive, bulk probes of the
instantaneous Fe moment due to atomic 3p-3d orbital
overlap. An incoming x-ray with an energy greater than
the Fe K-edge can excite a 1s electron from the core of
an Fe atom into the continuum, leaving a 1s core-hole
that can be filled with a decay from the 3p shell. This
3p− 1s decay in Fe emits an x-ray, the Kβ line, at 7058
eV and leaves a final-state core-hole in the 3p level. In
the presence of a 3d moment, the spin degeneracy of this
3p core-hole is lifted, producing an energy difference be-
tween the spin states of the 3p core-hole, and yielding an
emission spectrum with a predominant Kβ peak and a
weaker satellite Kβ′ peak [25]. For small-moment sys-
tems, like Ca0.67Sr0.33Fe2As2, the Kβ′ portion of a spec-
trum appears as a shoulder, rather than a distinct peak,
on the low-energy side of the main Kβ peak. Unfortu-
nately, a low-energy shoulder exists even in non-magnetic
Fe systems, and, as such, a systematic analysis of the
entire emission spectrum is necessary to extract a quan-

titative Fe moment. Here we follow the integrated ab-
solute difference (IAD) method to evaluate the Fe mo-
ment in Ca0.67Sr0.33Fe2As2 under pressure [26]. An IAD
analysis proceeds as follows: each spectra is normalized
such that its integral is unity, a unit-normalized reference
spectrum is subtracted from each spectra to yield a dif-
ference spectra, and the absolute values of the difference
spectra are integrated to yield a quantitative IAD value
that is proportional to the Fe moment for each spectra.
For tetrahedrally coordinated Fe atoms, the IAD value
can be converted to an Fe moment (in µB) using the cal-
ibration provided by Gretarsson, et al [27]. Here, we use
our room-temperature, 0.1-GPa data as the reference; Fe
moment measurements are thus measured relative to that
at 0.1 GPa, which is near enough to ambient pressure to
use the ambient-pressure value of about 1.1 µB for the
AEFe2As2 systems[27].

Example room-temperature XES measurements are
shown in Figures 1a-c, which display the unit-normalized
Fe Kβ spectra at 1.5, 3.6, and 6.6 GPa as compared
to the spectrum at 0.1 GPa. The shoulder associated
with the Kβ′ satellite is clearly evident in the low-energy
asymmetry of the main peak. The differences between
the reference spectrum (0.1-GPa data) and the high-
pressure spectra are shown as the solid, grey lines. With
increasing pressure, the difference spectra clearly grow
larger. The negative dip seen at 6.6 GPa near 7045 eV
indicates a loss of spectral weight in the Kβ′ satellite
portion of the spectrum, implying a reduction in the Fe
moment with increasing pressure.

The IAD values from each pressure at 300 and 125
K have been converted to Fe moments, and these val-
ues are shown in Fig. 2a. At both 125 and 300 K,
pressure drives the Fe moment down linearly; the slope
of the pressure dependence of the Fe moment, -0.15
µB/GPa, is identical within our experimental precision
for both temperatures. The measured isotherms are
overlaid on the phase diagram shown in Fig. 2b. At
300 K, the structure of (Ca0.67Sr0.33)Fe2As2 undergoes a
tetragonal (T) to collapsed-tetragonal (CT) phase tran-
sition near 4 GPa [18]. At 125 K and ambient pres-
sure, (Ca0.67Sr0.33)Fe2As2 is antiferromagnetically or-
dered (AFM), and the crystal structure is orthorhom-
bic (O) rather than tetragonal. With pressure at 125
K, the system undergoes an O-T transformation that de-
stroys AFM order in favor of a paramagnetic (PM) state
at about 2 GPa; the T-CT phase transition occurs near
2.8 GPa. The Fe moment evolves relatively smoothly
through each of these structural/magnetic phase transi-
tions.

In addition to the phase boundaries of Fig. 2b, a
contour plot of the Fe moment in T-P space is in-
cluded. A linear interpolation is employed between 300
and 125 K, and the same trend is extrapolated to lower
temperatures. This linear extrapolation seems reason-
able given the nearly linear temperature dependence (for
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FIG. 2: (color online) (a) The pressure-dependent Fe moment
of (Ca0.67Sr0.33)Fe2As2 at 295 and 125 K; solid lines through
the data are linear fits. Horizontal error bars are the larger
of 0.1 GPa or the difference between the pressures before and
after collection of the spectra. Vertical error bars are 0.1 µB

estimated from the noise in the spectra. The inset displays
the crystal structure of (Ca0.67Sr0.33)Fe2As2, and labels the
two As-Fe-As bond angles. (b) The electronic and structural
phase diagram of (Ca0.67Sr0.33)Fe2As2 [18], including a con-
tour plot of the Fe moment in µB . The arrows indicate the
approximate paths of the XES measurements.

T& 50 K) of the moment and lattice parameters of
(Ca0.78La0.22)Fe2As2 [23]. At 1.8 GPa, this extrapola-
tion implies a moment of 0.4 µB at 25 K, just above the
value of Tc≈22 K. The suppression of superconductiv-
ity with pressure follows that of the Fe moment, with
Tc disappearing very close to the pressure at which the
Fe moment goes to zero. These observations suggests
that the superconducting state of (Ca0.67Sr0.33)Fe2As2
not only develops out of a magnetic normal state, but
also that Tc is correlated with the magnitude of the Fe
moment. The persistent moment near Tc is in contrast to
that seen in Pr- and Nd-doped CaFe2As2, but it is com-
parable to (Ca0.78La0.22)Fe2As2, where an approximately
0.5 µB moment is present with Tc≈35 K [19, 23]. Finally,
the persistence of the Fe moment into the CT phase im-
plies that the AFM phase is destroyed by means other

than quenching of the local moments. Rather, a more fa-
vorable scenario would likely be one where the CT phase
supports enhanced spin fluctuations or alters coupling
strengths that lead to the destruction of magnetic order
[10]

Unlike the temperature dependent moments of Pr- and
Nd-doped CaFe2As2 [23], the Fe moments at 300 and
125 K (Fig. 2a) of (Ca0.67Sr0.33)Fe2As2 do not exhibit
any large discontinuities upon crossing the T-CT or O-T
phase boundaries. While this may at first appear incon-
sistent, a closer examination of the effect of structure
on the Fe moments reveals common behavior. Figure 3
shows the evolutions of the following structural param-
eters of (Ca0.67Sr0.33)Fe2As2 at 300 and 125 K as func-
tions of the Fe moment: the orthorhombic (aO and bO)
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FIG. 3: (color online) Crystal structure parameters of
(Ca0.67Sr0.33)Fe2As2 as a function of Fe moment for differ-
ent temperatures: (a) aT , aO, and bO, lattice parameters; (b)
c lattice parameter; and (c) unit cell volume per formula unit
V .f.u. The internal degrees of freedom of the crystal struc-
ture: (d) As-Fe-As bond angles (see inset of Fig. 2), and (e)
the Fe-As and As-As bond distances. The a- and c-axis lattice
parameters (from temperature-dependent measurements) for
(Ca0.92Nd0.08)Fe2As2 are included in (a) and (b), respectively
[23].
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and tetragonal (aT ) basal plane lattice parameters; the
c-axis lattice parameter; the volume per formula unit
(V/f.u.); the As-Fe-As bond angles; as well as the Fe-
As bond length (dFe−As) and the As-As mirror plane
spacing (dAs−As). The aT , c, and V /f.u. parameters
show significant overlap at 300 and 125 K, whereas the
Fe-As separation and the As-Fe-As bond angles do not.
This implies that the lattice parameters, rather than the
internal structural degrees of freedom, are the dominant
factors controlling the magnitude of the Fe moment in
(Ca0.67Sr0.33)Fe2As2.

Including data from (Ca0.92Nd0.08)Fe2As2 further il-
luminates the correlations between structure and Fe
moment. Figs. 3(a) and (b) include structure data
for (Ca0.92Nd0.08)Fe2As2 taken as a function of tem-
perature [19, 23]. While the T-dependent (and thus
Fe-moment-dependent) a-axis lattice parameter of Nd-
doped CaFe2As2 is distinctly different from that of
(Ca0.67Sr0.33)Fe2As2 under pressure, the c-axis lattice
parameters for these compounds follow strikingly similar
behavior as a function of Fe moment. The temperature-
induced T-CT transition in (Ca0.92Nd0.08)Fe2As2 re-
sults in a large (∼5%) change in the c-axis lattice
parameter that yields a zero-moment CT phase with
c <10.65 Å [23]. When the c-axis lattice parameter
of (Ca0.67Sr0.33)Fe2As2 is compressed to the same value
c <10.65 Å at either 300 or 125 K, the Fe moment is sim-
ilarly lost. The strong correlation between c-axis lattice
parameter and the Fe moment is in excellent qualitative
agreement with theoretical calculations [3, 10].

These experimental results challenge the notion that
the Fe moment is universally quenched in the CT phase
of the 122 systems. While the Fe moments in the CT
phase of undoped CaFe2As2 are quenched [22], we have
shown that the CT phase can in fact support a substan-
tial Fe moment (∼0.4 µB) that is strongly coupled to the
c-axis lattice parameter of the system. The persistence
of an Fe moment into the CT phase provides a param-
agnetic normal state out of which superconductivity can
develop even in the absence of charge doping. Further-
more, the pressure-dependent suppression of Tc tracks
that of the Fe moment, with Tc approaching zero within
approximately 0.5 GPa of the pressure at which the Fe
moment would be expected to quench at very low tem-
perature. These observations support the picture of an
unconventional superconducting state mediated by mag-
netic fluctuations.
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